Terahertz radiation was generated with several designs of photoconductive antennas ͑three dipoles, a bow tie, and a coplanar strip line͒ fabricated on low-temperature-grown ͑LT͒ GaAs and semi-insulating ͑SI͒ GaAs, and the emission properties of the photoconductive antennas were compared with each other. The radiation spectrum of each antenna was characterized with the photoconductive sampling technique. The total radiation power was also measured by a bolometer for comparison of the relative radiation power. The radiation spectra of the LT-GaAs-based and SI-GaAs-based photoconductive antennas of the same design showed no significant difference. The pump-power dependencies of the radiation power showed saturation for higher pump intensities, which was more serious in SI-GaAs-based antennas than in LT-GaAs-based antennas. We attributed the origin of the saturation to the field screening of the photocarriers.
Introduction
Since the initial works by the pioneers, 1-3 the generation of terahertz ͑THz͒ radiation from photoconductive antennas gated by femtosecond laser pulses has been reported by many researchers for different types and dimensions of antennas. The Hertzian dipole ͑or small dipole͒ antenna has been the most commonly used and was reported to have an emission spectral distribution as high as 2 or 3 THz. 4 -7 The bow-tie antenna, which is known as the wideband antenna, was also used as a photoconductive antenna. 8 Increased radiation power was observed, although its emission spectrum distributed at frequencies lower than dipole antennas. A unique photoconductive source was the biased coplanar strip line, the metal and semiconductor interface of which was excited with femtosecond laser pulses. 9 The biased strip line showed a very wideband emission spectrum ͑Ͻ5 THz͒. 10 Although these photoconductive antennas have already been used in many applications such as in coherent time-domain THz spectroscopy, 5, 8 a quantitative and systematic comparison of the emission properties of these photoconductive antennas has not yet been carried out. Little information has been obtained on the emission power of these photoconductive antennas, which is important in choosing the antenna types for practical use.
In this paper we report on a comparison of the emission properties of several types of photoconductive antenna, including three different lengths of dipole antenna, a bow-tie antenna, and a simple strip line. We characterize the radiation spectrum of the photoconductive antenna by photoconductive sampling measurements of the pulsed THz radiation, and we also measure the radiation power with a calibrated bolometer. We fabricated the photoconductive antennas on low-temperature-grown ͑LT͒ GaAs. Since LT-GaAs has a very high breakdown field ͑ϳ500 kV͞cm͒ and a subpicosecond carrier lifetime 11, 12 along with reasonably good mobility ͑ϳ200 cm 2 V Ϫ1 s Ϫ1 ͒, 13 it is regarded as one of the best materials for the fabrication of photoconductive devices. Several of those antennas were also fabricated on semi-insulating ͑SI͒ GaAs, whose carrier lifetime is several hundred picoseconds.
The radiation spectrum and power were compared between these photoconductive antennas. The bias and pump-power dependences of radiation power were also measured, and the observed saturation properties against pump power are discussed.
Experiment

A. Preparation of the Photoconductive Antennas
The schematic view of the photoconductive antennas are shown in Figs. 1͑a͒-1͑c͒. The specific dimensions of the antennas are listed in Table 1 . The dipole antenna structures with a small photoconductive gap ͑5 m͒ are located at the center of a 20-mmlong coplanar transmission line ͓Fig. 1͑a͔͒. We prepared 30-m-͑dipole I͒, 20-m-͑dipole II͒, and 10-m-long ͑dipole III͒ dipole antennas. The bowtie antenna was 1 mm long with a photoconductive gap of 10 ϫ 10 m and 90°bow angle ͓Fig. 1͑b͔͒. The photoconductive strip line was a 10-m-wide coplanar strip line with an 80 m separation. The metalsemiconductor interface of the positively biased edge of the strip line was excited with femtosecond laser pulses for the generation of THz radiation ͓Fig. 1͑c͔͒. These antennas and the transmission lines consisted of AuGe͞Ni͞Au metal layers fabricated on LT-GaAs or SI-GaAs with a standard lift-off procedure and annealing. The LT-GaAs was grown at a low substrate temperature of 250°C by molecular beam epitaxy and annealed at 600°C for 5 min after growth. The thickness of the LT-GaAs films was 1.5 m.
The carrier lifetime of the LT-GaAs by a pump-probe photoreflectance measurement was 0.3 ps. 11 When the photoconductive gap is irradiated by femtosecond laser pulses with an energy greater than the band gap of the semiconductor ͑E g ϭ 1.43 eV for GaAs at room temperature͒, electrons ͑holes͒ are generated in the conduction ͑valence͒ band. The carriers are then accelerated by the bias field and decay with a time constant determined by the free-carrier lifetime, resulting in a pulsed photocurrent ͑or a stepfunction-like photocurrent in long-carrier-lifetime semiconductors͒ in the photoconductive antenna. Current modulation occurs in the subpicosecond regime and thus radiates a subpicosecond electromagnetic transient ͑THz radiation͒. For an elementary Hertzian dipole antenna in free space, the radiation field E͑r, t͒ at a distance r ͑much greater than the wavelength of the radiation͒ and time t are described as
where i͑t͒ is the current in the dipole, l e the effective length of the dipole, ⑀ the dielectric constant of the radiation medium, c the velocity of light in the vacuum, and the angle from the direction of the dipole. Equation ͑1͒ indicates that the radiation amplitude is proportional to the time derivative of the transient photocurrent ‫ץ‬i͑t͒͞‫ץ‬t and the effective antenna length l e .
B. Emission and Detection of Terahertz Radiation
The experimental setup for the generation and detection of THz radiation is shown in Fig. 2 . A modelocked Ti:sapphire laser excited with a cw-Ar ion laser produced 80-fs ͑FWHM͒ light pulses with a wavelength of ϳ780 nm and a repetition rate of 82 MHz. The femtosecond pump pulses were focused by an objective lens on the biased gap of the photoconductive antenna, which was mounted on the flat side of a Si hemispherical lens with a diameter of 27 mm. The Si lens reduced loss because of the reflection and refraction of radiation at the substrate-air interface. The emitted radiation was collimated and focused by a pair of off-axis paraboloidal mirrors onto a photoconductive sampling detector, which was also a photoconductive antenna mounted on the back of a Si hemispherical lens with the same diameter. The photoconductive detector was gated by femtosecond probe beam pulses that were separated from the pump beam pulses by a beam splitter, and the dc photocurrent induced by the incident radiation field on the detector was measured by an ammeter. By delaying the timing of the probe pulse to the pump pulse, the waveform for the electromagnetic pulse was obtained. The time resolution was limited by the carrier lifetime of the LT-GaAs used for the photoconductive detector. To increase the signal-tonoise ratio, the pump beam was modulated with a mechanical chopper at 2 kHz, and the output signal from the ammeter was detected with a lock-in amplifier. All the optics for THz radiation were placed in an evacuated box to reduce the absorption of water vapor.
To measure total power, we used a 4.2 K InSb hot-electron bolometer, which was carefully calibrated with a blackbody radiation source ͑Grasby Infrared IR-563͒ at a temperature of 973 K. The spectral band of incident radiation from the blackbody was limited by low-pass filters ͑Yoshinaga filters 14, 15 ͒ to simulate the broad-band spectra of impulsive radiation from the photoconductive sources. The uncertainty in our calibration was estimated as ϳ20% from the peak-to-valley deviations for different calibration measurements with various solid-angle and aperture configurations for the source.
Results and Discussion
A. Emission Spectrum of the Photoconductive Antennas
Dipole Antennas
The waveform of the electromagnetic wave pulse emitted from a 30-m dipole ͑dipole I͒ on LT-GaAs is shown in Fig. 3͑a͒ . The detector used was a 10-m dipole ͑dipole III͒ on LT-GaAs. The bias voltage applied to the source was 30 V, and the power of the pump and probe beam was 12 and 4 mW, respectively. The width of the main peak of the pulse in Fig. 3͑a͒ was 0.4 ps. The Fourier-transformed amplitude spectrum is shown in Fig. 3͑b͒ . Its spectral distribution is centered at near 0.6 THz and extends to ϳ3 THz. For other dipole antennas with lengths of 20 m ͑dipole II͒ and 10 m ͑dipole III͒ the measured waveforms and the Fourier-transformed spectra were almost the same as that of the 30-m dipole under the same bias and pump conditions and with the same detector. The signal amplitudes were, however, larger for the longer dipole antennas as expected from Eq. ͑1͒.
The resonant frequency r of a dipole antenna on a thick dielectric substrate can be approximated as
where r is the resonance wavelength, ⑀ e and ⑀ d are the effective dielectric constant defined by ⑀ e ϭ ͑1 ϩ ⑀ d ͒͞2 and the dielectric constant of the substrate ͑for GaAs ⑀ d ϭ 13 in THz frequencies 5 ͒, respectively. There are some ambiguities in defining the effective length for our dipole antennas because of the finite antenna width ͑W͒ and the continuous connection of the dipole edge to the coplanar transmission line. If we assume the separation of the coplanar transmission line ͑L͒ as the length of the dipole antenna, the resonant frequency can be calculated as 1.9, 2.8, and 5.7 THz for dipoles I, II, and III, respectively. If we assume the diagonal length of the antenna structure including the width of the coplanar transmission line ͑ϭ͕͑L ϩ 2D͒ 2 ϩ W 2 ͖ 1͞2 ͒ as the effective length of the antennas, the resonant frequency can be calculated as 1, 1.8, and 2 THz for dipoles I, II, and III, respectively. We expect that the actual resonance frequency is located between the values estimated in the above two extreme cases. In any case the resonance frequency should be shifted for different antenna di- 3 who investigated the emission properties of dipole antennas with lengths of 50 -200 m ͑fabricated on a radiation damaged silicon-onsapphire substrate͒, also reported the absence of resonance peaks at expected frequencies for dipoles shorter than 100 m. They attributed this to the slow decay time of the photocurrent ͑0.5 ps͒ limiting the generation of the higher-frequency components of radiation. However, since a considerable amount of high-frequency components can be generated from the fast rise of the photocurrent alone, as demonstrated by the photoconductive antennas based on SI-GaAs with a long carrier lifetime in Subsection 4.A.2 the absence of resonance peaks at expected frequencies should be attributed to other factors, such as the broadening of the resonance peak as a result of the large antenna width or the damping of the switching response because of the capacitance of the photoconductive gap at high frequencies. Figure 4͑a͒ shows a comparison between the radiation waveforms for the antennas of dipole I fabricated on LT-GaAs ͑solid curve͒ and SI-GaAs ͑dashed curve͒. The excitation pump power and the bias voltage were 10 mW and 10 V, respectively, and the antenna of dipole II on LT-GaAs was used as the detector. The two waveforms are almost identical except that the amplitude of the negative peak ͑following the positive main peak͒ for the SI-GaAs-based dipole is smaller than that of the LT-GaAs-based dipole. This difference is attributed to the slow photocurrent decay in the SI-GaAs since the negative peak can be interpreted as the radiation originating from photocurrent decay. The spectral distributions of the radiation shown in Fig. 4͑b͒ are also similar for the two photoconductive antennas, although a slight shift of the spectral distribution to the lower-frequency side is observed in the SI-GaAs dipole antenna. We also investigated other types of photoconductive antennas, but no significant difference in the radiation waveforms ͑or spectral distributions͒ was found between LT-GaAsbased photoconductive antennas and SI-GaAs-based photoconductive antennas. These results indicate that radiation is generated mainly at the rise of the photocurrent and that radiation caused by the decay of the photocurrent makes only a small contribution.
Comparison Between the LT-GaAs-Based and SI-GaAs-Based Photoconductive Antennas
Bow-Tie Antenna
The waveform of the electromagnetic pulse emitted by the bow-tie antenna is shown in Fig. 5͑a͒ . The bias voltage was 60 V, the power of the pump and probe beam were 12 and 4 mW, respectively, and the detector was the dipole III on LT-GaAs. The pulse width was much broader than those of dipole antennas, thus resulting in a spectral distribution peaking at lower frequencies than those observed for dipole antennas ͓Fig. 5͑b͔͒. The spectral peak is near 0.1 THz, and the main part of spectrum components is distributed within 1 THz. The signal amplitude of the bow tie was stronger by several factors than the signal amplitude of the dipole antennas. By comparing the relative amplitude of the radiation spectrum of the bow tie with that of the dipole, we found that the radiation amplitude at lower frequencies was much larger under similar bias and pump-power conditions and was comparable even at higher frequencies ͑Ͼ1 THz͒. Similar results were also observed for the photoconductive bow-tie antenna fabricated on SI-GaAs.
Our observation is consistent qualitatively with that reported by Harde and Grischkowsky, 8 who observed THz radiation from a photoconductive bow-tie antenna fabricated on SI-GaAs. They also observed an enhancement of radiation amplitude and a broader pulse width compared with the photoconductive dipole antenna, with the Fourier-transformed spectrum extending as high as 1.5 THz.
Biased Strip Line
The waveform of the electromagnetic pulse emitted by the excitation of the positively biased strip line edge is shown in Fig. 6͑a͒ . The applied bias voltage was 100 V, the power of the pump and probe beam was 12 and 4 mW, respectively, and the detector was the dipole III on LT-GaAs. The pulse width was 0.35 ps, which was the shortest of the photoconduc- Fig. 4 . ͑a͒ THz radiation pulses generated by the same types of dipole antennas ͑dipole II͒ fabricated on LT-GaAs ͑solid curve͒ and SI-GaAs ͑dashed curve͒ under the same conditions. ͑b͒ Fouriertransformed amplitude spectrum of Fig. 4͑a͒. tive antennas tested. However, the pulse width might be limited by detector response. The amplitude spectrum shown in Fig. 6͑b͒ extends as high as ϳ4 THz with a peak at near 1 THz. A similar radiation spectrum was obtained for the photoconductive strip line fabricated on SI-GaAs. These observations are consistent with those reported by Katzenellenbogen and Grischkowsky, 9 who observed a 380-fs THz pulse from the photoconductive strip line fabricated on SI-GaAs.
B. Radiation Power
We used an InSb hot-electron bolometer, which was placed just in front of the photoconductive sources, to measure total radiation power. Table 2 shows the measured radiation power for each photoconductive antenna together with the pump power and the bias voltage applied. Since the measured radiation power changed somewhat from device to device with the same antenna ͑possibly because of device quality͒, the data listed in Table 2 should be considered sampled data.
The radiation power of the dipole antennas was of submicrowatt order for both LT-GaAs-based and SIGaAs-based antennas under moderate bias and pump power conditions. The photoconductive dipole antennas with longer antenna length emitted higher power as expected from Eq. ͑1͒ ͑radiation power is proportional to the square of the radiation amplitude E r and thus the effective antenna length͒; the emission power of dipoles I, II, and III on LT-GaAs was 0.34, 0.12, and 0.07 W, respectively, under the same pump and bias conditions ͑15 mW and 30 V͒. The bow-tie antenna was the most powerful of the photoconductive antennas; a power of 2 W was observed for the bow-tie antenna on LT-GaAs under a 30-V bias and a 15-mW pump. The power of the simple strip line was of submicrowatt order; a power of 0.4 W was observed for the strip line on LT-GaAs under a 200-V bias and a 15-mW pump. In comparing the power of the same type of antenna on LT-GaAs and SI-GaAs, it was found that the radiation powers of the photoconductive strip line and bow-tie antenna on SI-GaAs were much stronger than those of the same antennas on LT-GaAs, while the radiation power of the dipole antenna based on SI-GaAs remained comparable with that of the dipole antenna on LT-GaAs. This enhancement in the radiation power of the photoconductive antennas on SI-GaAs may be attributed to the higher mobility of the carriers in SI-GaAs than that in LT-GaAs. 12, 13 The relatively low efficiency of the SI-GaAs-based dipole compared with other types of SI-GaAs-based antennas can be partly explained by the strong saturation properties of this device against pump laser power as will be shown in Subsection 4.C.
C. Bias and Pump Power Dependencies
The bias voltage and pump-power dependencies of the radiation power were also measured by the bolometer. Since the amplitude of the pulsed photocurrent can be assumed to increase linearly with both bias voltage and pump-laser intensity, the radiation power is expected to increase quadratically with bias and pump power. The power of all photoconductive antennas increased quadratically with the bias voltage. Thus the breakdown voltage of the device limits the availability of the highest radiation power. Figure 7 shows I-V curves for the 5-m photoconductive gap ͑of 10 m width͒ fabricated on LT-GaAs and SI-GaAs. At lower bias voltages ͑Ͻ4 V͒, SIGaAs shows higher resistivity than LT-GaAs, but at higher voltages, dark current drastically increases. The breakdown voltage for 5-m gaps on SI-GaAs was 50 -70 V depending on the samples. In contrast to SI-GaAs, LT-GaAs shows almost linear I-V dependence for voltages as high as 100 V ͑E ϭ 200 kV cm Ϫ1 ͒. A sample with a 5-m gap on LT-GaAs abruptly broke down at voltages of ϳ160 V with increasing voltage. Figure 8 shows the pump-power dependencies of radiation power for dipole I ͑with 10-V bias͒, bow-tie ͑with 30-V bias͒ and strip line antennas ͑with 100-V bias͒ on LT-GaAs, and dipole I ͑with 18-V bias͒ on SI-GaAs. The vertical axis represents the square root of the power, and the data were arbitrarily normalized. The results show that linear dependencies ͑namely quadratic increases of the radiation power͒ are observed only at low pump powers and that radiation power saturates at higher pump powers. Saturation is more notable in dipole antennas than in the bow tie or the strip line, since pump-power density in the photoconductive gap is higher than in other antennas because of the smaller photoconductive gap ͑5 m͒. In the dipole antenna on SI-GaAs, saturation occurs at lower pump powers than in the same dipole antenna on LT-GaAs.
The saturation of radiation power against pump intensity can be attributed to the screening of the bias field by excited photocarriers. Saturation properties resulting from carrier-screening effects were discussed by Darrow et al. 16 and by others 17, 18 for large-aperture ͑or wide-gap͒ photoconductive sources, for which theoretical analysis is easier than for small-gap photoconductive antennas because of the simple boundary conditions. According to their discussion, radiation amplitude E r from a largeaperture photoconductive source can be scaled by pump-laser intensity as
where F͞F 0 is the normalized optical intensity. 17 Although the theory for a large-aperture photoconductive source cannot be directly applied to small-gap photoconductive antennas, such as photoconductive dipoles, because of the different boundary conditions of antennas, the same effects of carrier screening are expected for small-gap photoconductive antennas. The theoretical curve ͓ϭF͞F 0 ͑͞1 ϩ F͞F 0 ͔͒ fitted to Fig. 7 . I-V curves measured for 5-m gaps of LT-GaAs and SIGaAs. Fig. 8 . Pump-power dependencies of the radiation power for dipole I on LT-GaAs ͑open circles͒, bow tie on LT-GaAs ͑crosses͒, strip line on LT-GaAs ͑open triangles͒, and dipole I on SI-GaAs ͑open squares͒. The vertical axis represents the square root of the power P, and the data were arbitrarily normalized. The solid curve is the theoretical curve fitted to the data for dipole I on LT-GaAs.
the experimental data for the dipole antenna on LTGaAs is indicated in Fig. 8 by the solid curve, which thoroughly reproduces the experimental results. For the other antennas the theoretical curve also reproduced the experimental results well. The excellent agreements between the theoretical curves and the experimental results indicate that saturation is due to the screening of the bias field by photocarriers, although the validity of the theoretical curve should be confirmed by proper modification of the theory for the small-gap photoconductive antenna.
Conclusions
We characterized several types of photoconductive antennas fabricated on LT-GaAs and SI-GaAs by measuring the radiation spectra with the photoconductive sampling technique and by measuring the radiation power with a calibrated bolometer. The observed radiation spectra were similar to those reported by other groups 4 -9 for corresponding antennas. The radiation spectra for the antennas fabricated on LT-GaAs and SI-GaAs did not show significant differences, indicating that the highfrequency components of radiation were not greatly limited by the carrier lifetime of the substrate semiconductor. In addition, the radiation power of the photoconductive antennas on SI-GaAs is comparable with or greater than that of photoconductive antennas on LT-GaAs. However, LT-GaAs-based photoconductive antennas still have advantages in terms of saturation properties against pump intensity and in the high breakdown fields, which are higher than those of SI-GaAs-based photoconductive antennas.
